Cementitious materials are the most used materials on Earth. This is certainly not related to their superior quality when compared to other materials, but simply because the main oxides present in cement -- CaO, SiO~2~, Al~2~O~3~, Fe~2~O~3~ -- constitute over 90% of the earth\'s crust. This abundant resource makes cement cheap forming the basis of our modern built infrastructure. New infrastructure needed particularly in the developing world demands such immense capital costs that a recent report on infrastructure by the McKinsey Global Institute[@b1] was named "Infrastructure productivity: How to save \$1 trillion a year". One method of cost saving is to stop building inadequate structures that need high maintenance. Hence the durability of components that create essentially maintenance free infrastructure is of importance. Ordinary Portland Cement (OPC) can be partially replaced by mineral additions containing amorphous fine grained silica in building materials. Such blended cements have many advantages to OPC as they have superior performance indicated by resistance to water penetration[@b2][@b3][@b4][@b5][@b6], are generally more economic, and most importantly they replace cement with binders whose manufacture needs less carbon dioxide generation. This can be significant as about 5% of the total man-made generation of carbon dioxide arises from OPC production[@b7]. Enhancement to the microstructure and durability of blended concretes is due to both chemical and physical effects. For example, Young and Hansen[@b8] contrasted the influence of water in calcium silicate hydrates of OPC with that found in blended pastes. The blended pastes were found to have almost no calcium hydroxide present whereas OPC pastes exhibited a substantial amount. This difference was due to the pozzolan (or active form of silica) reacting with the "excess" calcium hydroxide. Bakker[@b5] suggests that the reason why blended pastes have less permeability is essentially because the pozzolan causes blocking of the capillary pores of the paste. While the particle size of the pozzolan directly influences the mechanical effects related to the packing characteristics of mixtures[@b9], the closing of the capillary pores is of importance to the properties of the concrete. Hooton[@b10] reported that while the increased durability of blended cements can be connected to the reduced permeability, he found it impossible to attribute changes in water permeability to changes of pore size only. This conclusion was based on the correlation (and lack of correlation) of the \"critical pore radius\" (identified by MIP) with the permeability of cement pastes. This implies that another factor, other than simple pore blocking, has to be responsible for the improved performance. As Phair[@b6] has shown there are other technical candidates to produce "greener cement" than blended OPC including; alkali-activated cements - sometimes called "Geopolymer"[@b11], magnesia cements and sulphuoaluminate cements. Each of these has some advantages and disadvantages and it is not clear if there is a large-scale commercial market for these cements. In contrast blended cements have been used commercially. In 2000 Schmidt et al[@b12] reported that in the USA about 98 million tons of ordinary Portland cement were used while about 10 million tons of blended cement were produced. In Europe at this time significantly larger amounts of the cement blends were used in concrete production. In the last decade there has been a significant increase in the use of blended cement doubtless fueled by both their perceived improvement in durability and the fact that their use lowers the carbon footprint of built infrastructure.

Here we focus on the effects of a mineral addition made from fired sugar cane straw ash (SCSA) obtained from the processing of the agricultural waste[@b13]. This has been shown to be a good cement replacement when burnt at the right conditions to form a fine material with relatively high amorphous silica content[@b13][@b14]. However, it has not yet been verified how this pozzolanic reaction affects the water mobility in mature cement pastes. In the particular case of water in hydrating cement paste, it is widely accepted that the state of water influences its mechanical and transport properties, as well as directly impacting upon the durability of building material structures[@b15]. Such understanding is the focus of this work, and our results provide original and important information for future utilization of these biomass ashes.

Water dynamics can be investigated using many experimental techniques, such as infrared and Raman spectroscopies[@b16], and Nuclear Magnetic Resonance. From the structural characterization side, by combining neutron powder diffraction with the Rietveld crystal structure refinement method Hartman and Berliner[@b17] showed the role of hydrogen bonding in the stabilization of the ettringite structure. In this work, the experimental technique of quasi-elastic neutron scattering (QENS) was deemed the most suitable method since it allows the dynamics, and associated geometric of motion, of protons on very short (pico-second) time scales to be investigated. In the case of bulk water, the potential of QENS has been exploited for many years[@b18][@b19]. However, it is now also well established that neutron scattering, and QENS in particular, is a powerful technique that can examine the interactions of the pore water with the C-S-H in cement paste[@b20][@b21][@b22][@b23][@b24][@b25].

Results
=======

In this paper we used neutron scattering to analyze the motion of water molecules in 28 day old OPC paste (100% of cement) and SCSA paste (80% of cement and 20% of ash burnt at 700°C) samples using the backscattering instrument IRIS located at the ISIS Facility, UK (see SI for details). Two types of neutron scattering experiment were performed: (1) Elastic Incoherent Neutron Scattering (EINS) measurements using the elastic fixed window approach[@b26], which allows analysis of the structure factor, S~E~(Q, ω ≈ 0), as a function of neutron scattering vector, Q, and provides a global view of water dynamics in the different pastes, and (2) QENS, which gives information on the microscopic motions involved in diffusion of hydrogen containing molecules.

Elastic incoherent neutron scattering evidences diffusive motion
----------------------------------------------------------------

Results obtained from the EINS measurements as a function of temperature, and normalized to the lowest temperature for the hydrated and dried pastes, are presented in [Figure 1](#f1){ref-type="fig"}. As expected the intensity of the elastic line, S(Q, ω ≈ 0), decreases with increasing temperature. However, as indicated by the arrows in [Figure 1(a)](#f1){ref-type="fig"}, and in line with other wet cement paste studies[@b20][@b21], an anomalous decrease of the elastic intensity occurs at about 190 K and 200 K for scattering vector, Q = 0.525 Å^−1^, and at about 240 and 250 K for Q = 1.556 Å^−1^, respectively. This decrease, seen in both SCSA and OPC, is indicative of the onset of some type of diffusive motion that is faster than the instrumental time resolution (∼150 ps) and thus visible within the resolution of the spectrometer. Moreover, as seen in [Figures 1(c,d)](#f1){ref-type="fig"} for the dried samples a deviation is also observed around 180 K. This behavior is similar to the one reported in clays, and attributed to the activation of OH-motions[@b27].

The differences in the dynamical transition temperatures as a function of momentum transfer, Q, suggests that for each sample the scattering function is broadening due to the occurrence of a quasi-elastic (QE) signal related to that motional disorder occurring within the time resolution of experiment; a broadening which is governed by the physical parameters of the individual pore structure. Such a response should give rise to a central narrow elastic peak of approximately the width of the resolution function combined with a broad Lorentzian tail.

Quasi-elastic neutron scattering allows to determine water diffusion coefficients
---------------------------------------------------------------------------------

Indeed, after subtracting the signal due to the paste alone (i.e. a dried sample from which elastic scattering dominates), QE is clearly observed (see SI for details). The analysis of the QE signal enabled us to obtain the correlation times associated with the water mobility in both pastes. Moreover, if the pore size distributions are different we expect different surface-water binding behavior to be evident such that we will consequently discern different relaxation times. In addition, a complete characterization of the geometry of the motion can be obtained by analyzing the relative amplitude of the elastic signal, called the elastic incoherent structure factor (EISF), which provides a measure of the time-averaged spatial distribution of the protons. Finally, it is important to consider that the difference between the lowest values of ratios of S(Q, ω ≈ 0) in [Figure 1](#f1){ref-type="fig"} can be accounted for by the differences in the ratio of immobile to mobile proton in the samples.

In [Figures 2a and 2b](#f2){ref-type="fig"} we report the normalized quasi-elastic spectra at 300 K, at selected momentum transfer (Q) values, for both samples. Initially, the QENS spectra were fitted by means of an elastic peak plus a Lorentzian function using standard least-squares refinement method. Using this phenomenological model we assumed that the chemically "bound" water molecules contribute elastically to the QENS spectra, while the confined water molecules give rise to a QE broadening. For both samples the quality of the fitting procedure was quite poor, therefore an additional QE component was introduced to the phenomenological expression as follows: where F is a scaling factor, A~i~ are the structure factors, where A~0~(Q) represents the effective EISF, L~i~(Γ~i~, ω) are the Lorentzian functions having the half-widths at half-maxima (HWHM) Γ~i~ and F(Q, ω) is the experimental resolution function. The flat background term, B(Q), that includes quasi-elastic contributions to the spectral intensity arising from fast motion. It should be mentioned that since we are required to model our data using three Lorentzian components, the EISF measured is in fact a global, or effective, EISF for the whole sample rather than a discrete EISF arising from one lone diffusive process.

The broad (Γ~1~) and the narrow (Γ~2~) Lorentzians can be associated with fast and slow motions of the water molecules, respectively, suggesting that at least two different diffusive-like motions are responsible for the QE signal. Therefore, the variations of Γ vs Q, as depicted in [Figures 3(a) and (b)](#f3){ref-type="fig"}, were fitted using the model of Singwi and Sjölander[@b28].

The obtained values are given in [Table 1](#t1){ref-type="table"}. It is well known that under confinement water mobility will shift to longer relaxation times with respect to the bulk water processes, while water contained in the large capillary pores behaves "bulk-like". Therefore our results indicate that the fast motion is related to a small percentage of the latter population, while the slower motion is due to the water confined in the smaller gel pores. Moreover, the difference in the values of the diffusion constants obtained for OPC and SCSA is related to differences in the gel pore structure of the pastes; this inner structure playing a major role in governing the mobility of water molecules. The differences between the values previously obtained for the OPC[@b23] and the ones reported here is a consequence of the different time windows probed by the different spectrometers used. For the work presented here we are probing motions typically in 5--150 ps range. For the previous OPC measurements the time window accessible was sensitive to motions in the 1--10 ps range.

Quasi-elastic neutron scattering affords evidence of evidence different types of hydrogen bounds within the pore structure
--------------------------------------------------------------------------------------------------------------------------

This interpretation is further evidenced by the behavior of the effective EISF versus Q in the range 0.5--1.7 Å^−1^ shown in [Figures 3(e) and (f)](#f3){ref-type="fig"}, where our results clearly demonstrate the influence of the pozzolan on proton mobility. The first observation is that the effective EISF approaches unity in the limit of low Q, indicating localized dynamics that do not allow the water molecules to diffuse over large distances (which corresponds to low Q values). Secondly, the fact that the effective EISF does not decay to zero for large Q-values indicates an immobile fraction of H-atoms in the examined time-space window, in agreement with the EINS results. Then, in the case of the OPC, the solid line in [Figure 3(e)](#f3){ref-type="fig"} shows that the Volino--Dianoux model[@b29], where free diffusion in the restricted volume of a sphere is permitted, modified to consider that an immobile fraction of protons, p, are presented in the samples[@b30], describes well the experimental results for the confined water (see the SI for details). The parameters obtained from this analysis indicate that for the OPC the translational diffusion is confined to a spherical motion with a radius of about 2.7 Å, while in good agreement with the values reported earlier for the ratio of bound to mobile water in 28 days old hydrated OPC cement[@b21], the value found here is around 33%. However, for the SCSA sample this model is insufficient to describe the evolution of the effective EISF attributed to the confined molecules over the whole Q-range. Note that after reaching a local minimum around Q = 1 Å^−1^, the effective EISF increases for higher Q-values indicating that a restricted rotational diffusion takes place. Therefore the effective EISF for the SCSA was divided into two parts. For Q \< 1 Å^−1^ it was fitted with the same model used for the OPC sample, showing that 27% of the protons is immobile and that the translational diffusion is confined to a radius comparable to the one obtained for the OPC, while for the higher Q-region the 2-site jump diffusion model, which ascribes the probability for each H atom to jump between two separated sites parameterized by a jump distance d, between a pair of neighboring O atoms, to which it remains restricted, was used (see SI for details). The parameters obtained from this analysis indicate that 7% of the protons in the SCSA are bound to the pore structure with a jumping distance between sites around 4.5 Å.

Discussion
==========

Defining which water states we accessed through this experiment is not trivial as the state of water in a C-S-H system is imprecisely defined. For example, hydrogen can be present (1) within the structure of C-S-H (either in the form of H~2~O or OH), (2) as water physically adsorbed on the surface of C-S-H phases and (3) as water in the bulk of the gel or capillary pores. However, while the C-S-H unit cell does not exhibit well-defined pores that can be straightforwardly established by diffraction methods, it is considered that there is an interlayer space confining water similar to a clay with distances ranging from 2 to 4 Å[@b31][@b32][@b33]. Our data confirms[@b21] that in the case of the SCSA, the motion of the water molecules is within this interlayer distance, and that a number of hydrogen atoms bound in the to the C-S-H lattice can jump between two separated sites, but are not allowed to diffuse freely. Note that the jump distance, d, corresponds well to the distance between two neighboring H sites in H~2~O. Finally, we conclude that the data presented here shows that in addition to the \"pore blocking\" theory of Bakker[@b5], it is the reaction of the blended pastes, which has promoted changes to the C-S-H structure so that it can interact more strongly with water molecules than the C-S-H structure of an OPC paste. As a result, there is a decrease of permeability water in the blended pastes.

Methods
=======

Sample preparation details
--------------------------

See [Supplementary Information](#s1){ref-type="supplementary-material"} for full preparation and characterization of the sugar cane straw ash and cement pastes.

Quasi-elastic neutron scattering
--------------------------------

Neutron scattering spectra were measured using the ToF inverted geometry crystal analyser spectrometer IRIS[@b34] located at ISIS, UK. An elastic energy resolution, ΔE, of 17.5 μeV (at Full width at Half Maximum (FWHM)) was achieved by using the 002 analysing reflection of the pyrolytic graphite analyser crystals (PG002); the analyzer crystals Bragg reflecting only those neutrons scattered with λ = 6.7 Å This resolution was constant over the entire an angular scattering range; 25° \< θ \< 160° After being crushed by manual grinding, the cured samples were confined in an flat plate aluminium container and sealed inside an aluminium foil packet to avoid corrosion of the sample holder. The angle between the plane of the sample and the incident neutron beam was 135°. Using this orientation the last 8 high scattering angle detectors had to be discarded due to self-shielding from the edge of the sample can.

Additional details
------------------

Experimental procedure for the neutron scattering measurements, data reduction and analysis are provided in the [supplementary information](#s1){ref-type="supplementary-material"}.
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![A comparison between the normalized intensity *S*(*Q*, 0)(*T*)/*S*(*Q*,0)(*T* = 5 K).\
(TOP) for the wet and (BOTTOM) dried samples; the arrows mark the temperatures at which an-harmonic onsets occur for OPC (open symbols) and SCSA (full symbols).](srep02667-f1){#f1}

![Experimental QE spectra at 300 K, for selected Q-values.\
For OPC (a, b) and SCSA (c, b), Δ*E* = 17.5 μeV, together with the best fit (solid line) and the QE components (Γ~1~ dotted lines and Γ~2~ dash-dot lines). The background is represented in dot lines, and the elastic component in long dashed lines. The residual is also shown.](srep02667-f2){#f2}

![Evolution of the HWHM Γ~1~ (TOP) and Γ~2~ (MIDDLE) vs Q^2^ at 300 K; the line is a linear fit using the Singwi and Sjölander model[@b28] (see text and SI).\
For (a) OPC and (b) SCSA. BOTTOM: EISF vs Q obtained from the analysis of quasi-elastic spectra; solid lines were obtained using the models described in the text (see text and SI) for (e) OPC and (f) SCSA.](srep02667-f3){#f3}

###### Parameters characterizing the translational motion of water in the capillary (C) and gel pores (G) for 28 days old OPC and SCSA 300 K, ΔE (FWHM) = 17.5 μeV. Values of bulk water as well as for OPC obtained with energy resolutions of 98 and 30 μeV are given, see Ref. [@b23] for details

  Sample                   t~0~ (ps)      *D~t~* (10^−9^ m^2^/s)
  ---------------------- ------------- ----------------------------
  Bulk water              1.57 ± 0.12          2.49 ± 0.07
  OPC w/c = 0.42[@b23]      10 ± 1      1.24 ± 0.08 mainly C water
                            51 ± 3       0.6 ± 0.1 mainly G water
  OPC w/c = 0.45           2.1 ± 0.3        2.5 ± 0.4 for Γ~1~
                          32.3 ± 0.5       0.28 ± 0.04 for Γ~2~
  SCSA w/c = 0.45         2.21 ± 0.02      2.49 ± 0.02 for Γ~1~
                          41.9 ± 0.3       0.16 ± 0.01 for Γ~2~
